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Studies of amygdala functioning have occupied a significant place in the history of
understanding how the brain controls behavior and cognition. Early work on the amygdala
placed this small structure as a key component in the regulation of emotion and affective
behavior. Over time, our understanding of its role in brain processes has expanded, as we
have uncovered amygdala influences on memory, reward behavior, and overall functioning
in many other brain regions. Studies have indicated that the amygdala has widespread
connections with a variety of brain structures, from the prefrontal cortex to regions of the
brainstem, that explain its powerful influence on other parts of the brain and behaviors
mediated by those regions. Thus, many optogenetic studies have focused on harnessing
the powers of this technique to elucidate the functioning of the amygdala in relation to
motivation, fear, and memory as well as to determine how the amygdala regulates activity
in other structures. For example, studies using optogenetics have examined how specific
circuits within amygdala nuclei regulate anxiety. Other work has provided insight into
how the basolateral and central amygdala nuclei regulate memory processing underlying
aversive learning. Many experiments have taken advantage of optogenetics’ ability to
target either genetically distinct subpopulations of neurons or the specific projections
from the amygdala to other brain regions. Findings from such studies have provided
evidence that particular patterns of activity in basolateral amygdala (BLA) glutamatergic
neurons are related to memory consolidation processes, while other work has indicated
the critical nature of amygdala inputs to the prefrontal cortex and nucleus accumbens
(NA) in regulating behavior dependent on those downstream structures. This review will
examine the recent discoveries on amygdala functioning made through experiments using
optogenetics, placing these findings in the context of the major questions in the field.
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Despite its relatively small size in the human brain, the amygdala
influences a wide variety of neural functions, especially those
related to emotion and memory. As a result, considerable research
has targeted this structure and investigated how it regulates dif-
ferent processes and interacts with other brain regions to do
so. The development of optogenetics over the past decade has
opened new doors for investigations into neural circuits, both on
a systems-circuitry level and on a microcircuitry level, and into
how those circuits govern behavior. The amygdala, with its rich
history of research in neuroscience, has been a ripe target for
optogenetic investigations and, thus, many studies have applied
this technique to address deeper issues regarding amygdala func-
tioning, providing new avenues of research into “old” questions
about the amygdala. Because optogenetics permits stimulation
and inhibition of specific projection pathways through illumina-
tion of opsin-expressing axons and axon terminals (LaLumiere,
2011; Yizhar et al., 2011), many studies have used this approach to
explore specific circuits. Moreover, because opsin expression can
be genetically targeted to distinct cell types, many studies have also
taken advantage of this capability to control activity in specific
classes of neurons to determine their functional roles. This review
will explore the recent studies that have used optogenetics to
better understand the function of the amygdala in the brain and
behavior, with a particular focus on how these studies have elu-
cidated better understandings of the systems regulating emotion,
fear, and memory as well as of the functional neural circuits that
involve the amygdala.
AMYGDALA AND EMOTION
Perhaps the oldest line of research on the amygdala’s role in
the brain originates with how the amygdala regulates emotion
and emotional output. Indeed, early work showed that amygdala
lesions in monkeys produced the now-classic Kluver-Bucy syn-
drome (Kluver and Bucy, 1937; Weiskrantz, 1956). The symptoms
of the syndrome involved profound alterations in the monkeys’
emotional behavior, especially those involving fear-based behav-
ior. These early findings have led to a considerable number of
studies that have expounded upon this function for the amygdala.
Studies in humans have confirmed the findings on amygdala
lesions, as selective amygdala lesions also appear to produce
deficits in emotion-related behaviors, especially those regarding
fear (Adolphs et al., 1994, 2005).
Thus, it is not surprising that studies have harnessed the power
of optogenetics to develop an improved understanding for how
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the amygdala influences emotional behavior. In a series of studies,
Kay Tye et al. have made several inroads into understanding
amygdala functioning in anxiety and anxiety-related behavior.
Tye et al. (2011) used an optogenetic approach to distinguish the
roles of the basolateral amygdala (BLA) inputs to the medial vs.
lateral portions of the central amygdala (CEA) in such behavior
in mice. Indeed, previous work had suggested that the medial
CEA and its inputs from the BLA drive anxiety and/or fear-related
behaviors, whereas BLA inputs to the lateral CEA provide feed-
forward inhibition of the medial CEA (Paré et al., 2004; Ciocchi
et al., 2010). To distinguish these pathways, Tye et al. (2011) trans-
duced BLA neurons with either the depolarizing cation chan-
nel channelrhodopsin-2 (ChR2) or the hyperpolarizing chloride
pump halorhodopsin and illumination was provided to the BLA
terminals in the lateral CEA. The expression of the opsins was
limited to the pyramidal neurons of the BLA through the use
of a CaMKIIα promoter. The results indicated that stimulation
and inhibition of the BLA terminals in the lateral CEA reduced
and increased, respectively, anxiety in the mice, as measured in
different tasks. Moreover, the findings strongly suggested that
this effect was due to feedforward inhibition of the medial CEA.
Illumination of the BLA cells themselves did not produce the
same behavioral effect and sometimes produced the opposite
effect. With low light levels, illumination of the terminals did not
produce reliable antidromic propagation of action potentials back
to the BLA, largely eliminating the concern that such propagation
could be responsible for the behavioral effect, though it is clear
that optical stimulation of axon terminals can produce reliable
antidromic propagation to cell bodies (Jennings et al., 2013).
These results not only provided a clearer understanding of the
amygdala circuits driving behavior but illustrated the importance
of targeting specific downstream projection targets, as stimulating
or inhibiting specific projections may produce rather different
effects than might be found with stimulating or inhibiting the
entire structure.
Since this initial work, Tye et al. have extended their focus on
anxiety by examining the projections from the BLA to the ven-
tral hippocampus in the regulation of anxiety-related behaviors
(Felix-Ortiz et al., 2013). Previous studies had indicated that the
BLA projects to the ventral hippocampus and that the ventral
hippocampus is also involved in anxiety (Pitkänen et al., 1995,
2000; Bannerman et al., 2003). Using an open-arm plus maze
and an open-field chamber, Felix-Ortiz et al. found that inhibi-
tion of BLA afferents to the ventral hippocampus, via activation
of halorhodopsin, decreased anxiety-related behaviors. Similarly,
stimulation of such afferents, using 20 Hz light pulses to activate
ChR2, increased anxiety-related behaviors. Importantly, control
experiments demonstrated that the effects of the BLA terminal
stimulation were not due to antidromic stimulation of the BLA
itself or orthodromic stimulation of fibers of passage. Moreover,
electrophysiology analysis suggested that the effects of stimu-
lating BLA inputs to the ventral hippocampus were mediated
through local circuit mechanisms involving both direct activation
of principal cells in the hippocampus and indirect recruitment
of inhibitory neurons. In other work, Felix-Ortiz and Tye (2014)
examined optical stimulation and inhibition of the BLA axon
terminals in the ventral hippocampus during tests of social
behavior. In a resident-juvenile-intruder test, stimulation of these
terminals, using 20 Hz light pulses, reduced social interactions of
the resident, whereas inhibition of these terminals increased such
interactions, suggesting that activation of this pathway increased
anxiety in the animals whereas silencing of this pathway produced
the opposite effect. The effects with stimulation were blocked
with microinjections of glutamate receptor antagonists into the
ventral hippocampus, indicating that the results were due to
stimulation of BLA axon terminals and the concomitant release
of glutamate from those terminals. Similar behavioral effects with
stimulation were observed with a three-chamber sociability test.
Together, the studies by Tye et al. have produced a wealth of
knowledge regarding how the amygdala, and especially the BLA,
influences anxiety-related behavior through different outputs to
other regions. Moreover, the findings have also demonstrated
the potential for using optogenetics to develop an improved
understanding of the circuits underlying behavior.
Other work has focused on how inputs from the hypothalamus
regulate amygdala activity and fear-related behaviors. Previous
work had indicated that oxytocin exerts its effects on a variety of
behaviors, at least in part, through activation of oxytocin recep-
tors in the CEA (Viviani et al., 2011). However, while oxytocin
neurons are located in the hypothalamus, it has not been clear
whether the oxytocin is released via dendritic mechanisms and
then spreads passively to the amygdala or is released via classic
axonal mechanisms (Landgraf and Neumann, 2004). To address
this issue, Knobloch et al. (2012) transduced hypothalamic oxy-
tocin neurons using an oxytocin promoter. Optical stimulation of
these neurons’ axonal terminals in the CEA produced oxytocin-
dependent effects on CEA neuronal activity, indicating that the
hypothalamic neurons are able to directly release oxytocin from
their axon terminals. In particular, optical stimulation appeared
to increase neuronal activity in the lateral CEA and inhibit activity
in medial CEA neurons. Anatomical analysis found that the
hypothalamic inputs terminated in the lateral, but not medial,
CEA. A separate experiment providing stimulation during a test
for contextual fear conditioning found an attenuation of freezing
behavior with the optical stimulation. Indeed, the overall evidence
from this work suggests that the hypothalamic oxytocin neuronal
input to the CEA makes synaptic contacts on the lateral, rather
than medial, aspect of the CEA, consistent with the function of
the lateral CEA in inhibiting medial CEA output and reducing
the expression of fear and fear-related behavior. On a larger level,
these findings contribute to our understanding of how specific
inputs, and even genetically distinct inputs, to the amygdala
regulate both behavior and local circuit activity.
AMYGDALA AND MEMORY
Other work has focused on the use of optogenetics to understand
the relationship between the amygdala and memory, especially
aversive learning such as fear conditioning. One of the earliest
uses of optogenetics in studies of the amygdala examined whether
optogenetic stimulation of the lateral amygdala, combined with
tones, produces fear conditioning (Johansen et al., 2010). In
these experiments, the authors targeted the pyramidal cells of the
lateral amygdala. These early findings confirmed that different
frequencies of light produced robust firing in lateral amygdala
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neurons, though with the early version of ChR2 used, the fidelity
of the neurons’ responding to 50 Hz light pulses was not as good
as that found in response to 20 Hz light pulses. Nonetheless,
with 20 Hz stimulation, there was a strong c-fos response in the
neurons. Optical stimulation, paired with a tone, produced an
increase in freezing both during training and in a later retention
test. However, the authors noted that the levels of freezing were
considerably lower than had been found in previous studies, an
effect that the authors suggest indicates that other mechanisms
must also be involved in order to produce full fear conditioning.
These findings contributed to previous work showing that activity
in the lateral amygdala is critical for the normal development and
retention of tone fear conditioning. Moreover, through the use of
optogenetics, these experiments were able to selectively target the
pyramidal cells while providing temporally precise stimulation,
setting the stage for future experiments to build on these early
results and develop a clearer understanding of the amygdala’s role
in fear conditioning and memory.
Our own work has used an optogenetic approach to examining
the role of the BLA in modulating memory consolidation for
inhibitory avoidance, a similar aversive learning task (Huff et al.,
2013). Prior work suggested that BLA activity in the gamma fre-
quency range (35–45 Hz) is important for synchronizing activity
in downstream structures and promoting the consolidation of
learning (Bauer et al., 2007; Popescu et al., 2009). However, such
work has depended on physiological recordings, which cannot
determine whether driving activity in that range alters memory
consolidation. Therefore, in our experiments, the BLA pyramidal
neurons were transduced with ChR2(E123A), a “ChETA” version
of channelrhodopsin that permits high-fidelity responding to
light pulses up to 200 Hz (Gunaydin et al., 2010; Yizhar et al.,
2011). We found that stimulating the BLA pyramidal cells with
bursts of gamma-frequency light pulses (40 Hz) for 15 min imme-
diately after inhibitory avoidance training enhanced retention 2
days later (Huff et al., 2013). Stimulation with bursts of 20 Hz
pulses did not produce a significant effect on retention. Previous
work has shown that other types of posttraining stimulation (e.g.,
electrical) of the amygdala produce an inverted-U curve with
regard to retention (Gold et al., 1975), but it is not known whether
optical stimulation of the BLA also produces such an effect.
In another groups of rats, we inhibited BLA neuronal activity
immediately after training via activation of the outward proton
pump ArchT and found that 15 min of neuronal inhibition, but
not 1 min, impaired retention of the learning (Huff et al., 2013).
These findings indicated that BLA stimulation in the gamma
frequency range enhances memory consolidation and, critically,
have provided a set of effective parameters for using optogenetic
approaches to modulate memory consolidation that we are con-
tinuing to use in new experiments addressing BLA interactions
with efferent brain regions.
Other work has investigated a subpopulation of BLA neurons
to examine its role in fear conditioning (Jasnow et al., 2013).
Specifically, Jasnow et al. targeted the glutamatergic pyramidal
cells found in the BLA by driving ChR2 expression with the Thy1
promoter, which limits expression to a specific subpopulation
of glutamatergic cells in the BLA and other forebrain regions
(Sugino et al., 2006). Optical stimulation of this specific class
of BLA neurons during tone fear conditioning impaired reten-
tion of the learning while having no effect on the expression
of freezing itself during the conditioning (Jasnow et al., 2013).
Moreover, optical stimulation of the neurons paired with the
tone alone during extinction training enhanced the retention of
the extinction learning, again without having any effect on the
freezing itself during the extinction training. Generally, it has been
thought that activity in the lateral amygdala and medial CEA drive
the expression of fear, but electrophysiological characterization
of this subpopulation suggests that it shunts activity in lateral
amygdala neurons and inhibits activity of medial CEA neurons.
Indeed, optical activation of this neuronal subpopulation had no
effect on the acute expression of fear but, rather, appeared to
influence consolidation specifically for memories that oppose fear
conditioning.
Recent work has also investigated the interactions of dis-
tinct subpopulations within the BLA with efferent targets in
relation to fear conditioning. Prior work has noted the exis-
tence of neurons within the basal nucleus of the BLA that are
responsive to cues associated with footshocks and other neurons
that are responsive to cues previously associated with footshocks
that have been extinguished. Senn et al. (2014) investigated
whether such neurons also show distinct projection patterns to
the medial prefrontal cortex (mPFC). To perform a functional
investigation of these subpopulations of neurons, retrogradely
transported viruses containing Cre-recombinase were injected
into either the prelimbic (PL) or infralimbic (IL) cortex while a
conditional viral vector expressing the opsins in a Cre-dependent
manner was injected into the BLA. As a result, the opsins were
selectively expressed in the IL-projecting neurons or the PL-
projecting neurons, enabling illumination of the entire BLA to
only stimulate or inhibit the specific subpopulation of neurons.
Consistent with previous work suggesting a dichotomy between
the dorsal regions of the mPFC (PL) and the ventral regions
(IL) with regard to fear conditioning (Peters et al., 2009), the
authors demonstrated that BLA neurons projecting to the PL are
activated by unextinguished cues whereas those projecting to the
IL are activated by extinguished cues. Moreover, inhibition of
IL-projecting neurons during cue extinction training produced a
significant impairment in the retention of the extinction learning,
compared to stimulating such neurons. Conversely, inhibition of
the PL-projecting neurons during such training enhanced the
retention of the extinction learning, compared to stimulating such
neurons. While much previous research has focused on the mPFC
inputs to the BLA in regulating fear extinction and expression,
these findings provide evidence that BLA inputs to distinct mPFC
regions also differentially influence such behaviors.
AMYGDALA AND REWARD AND ADDICTION
Considerable evidence indicates that the amygdala is involved
in reward and addiction-related behaviors (Everitt et al., 1999;
See et al., 2003; Di Ciano and Everitt, 2004). As part of under-
standing the precise role played by the BLA in such behaviors,
Stuber et al. (2011) examined the pathway from the BLA to
the nucleus accumbens (NA) core in modulating and driving
reinforcement of operant behavior. Although previous evidence
had suggested that the BLA could directly influence dopamine
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release in the NA (Howland et al., 2002), a key mechanism
for reinforcement, it was not clear whether activity in the BLA
inputs to the NAcore could actually reinforce operant behavior
or was necessary for reward seeking. Stuber et al. found that
mice engaged in an operant behavior (nose pokes) in order to
receive optical stimulation (burst of 20 Hz light pulses) of the
BLA axon terminals in the NAcore. Similarly, optical inhibition,
via activation of halorhodopsin, of the BLA terminals decreased
responding for a sucrose reward. Strikingly, optical stimulation
of mPFC inputs to the NAcore did not produce the same effects.
Other work has shown that optical stimulation of BLA inputs
to the NAshell are also reinforcing (Britt et al., 2012), though,
in contrast to the mPFC inputs to the NAcore, stimulation of
mPFC inputs or ventral hippocampal inputs to the NAshell
was also found to be reinforcing. Of particular interest in this
study was that the authors used the ability to selectively control
different glutamatergic inputs to the NAshell, via illumination of
opsin-transduced axons from different regions, to determine the
degree of plasticity in the connections following cocaine exposure.
Together, these findings illustrate not only the increasing evidence
for a role for BLA glutamatergic inputs to the NA in regulating
reinforcement and reward but also that, depending on the part
of the NA targeted, other glutamatergic inputs do not necessarily
produce identical results.
Other studies have indicated that, consistent with its role in
different forms of associative learning, the BLA is a key part
of the neural circuit that drives drug-seeking behavior triggered
by drug-associated cues (See et al., 2003). However, as the BLA
projects to both the PL and the NAcore, both of which are
considered critical components of a general drug-seeking circuit
(McFarland and Kalivas, 2001; McFarland et al., 2004; LaLumiere
and Kalivas, 2008), it has not been clear which pathway is
responsible for driving cue-induced drug-seeking. Recent work by
Stefanik and Kalivas (2013) has used optogenetics to investigate
this issue. The BLA was transduced with ArchT. Inhibition of
BLA terminals in either the PL or NAcore reduced cue-induced
reinstatement of cocaine-seeking, indicating that activity in both
pathways is obligatory for associative cue-driven cocaine-seeking.
CIRCUITRY OF THE AMYGDALA AND INTERACTIONS WITH
OTHER BRAIN REGIONS
A number of studies have used optogenetic approaches to develop
a better understanding of the functional connections between the
amygdala and other brain regions. For example, Li et al. (2012)
have investigated the role of kappa opioid receptor signaling in the
bed nucleus of the stria terminalis (BNST). Patch-clamp record-
ings in the BNST provided evidence that activation of kappa
opioid receptors inhibits GABAergic transmission via presynaptic
mechanisms. As the CEA provides an important GABAergic input
to the BNST, one that has been implicated as a critical pathway in
the central stress system (Jasnow et al., 2004; Walker and Davis,
2008), the authors used optogenetics to target and control activity
in this pathway. The results indicated that kappa opioid recep-
tor activation inhibited GABAergic transmission in this pathway
specifically, a result that would have been difficult to demonstrate
using other techniques.
Other research has used optogenetics to delineate precisely
how the amygdala influences activity in other regions. Luna and
Morozov (2012) contrasted the microcircuitry of BLA inputs
vs. anterior piriform inputs to the posterior piriform cortex.
Although both structures were found to innervate deep pyramidal
cells of the posterior piriform, the BLA and anterior piriform
connected with different kinds of interneurons. Specifically, the
BLA produced strong connections with fast-spiking interneu-
rons, whereas the anterior piriform had its strongest synapses
on irregular-spiking interneurons. As these different classes of
interneurons synapse on different regions of the pyramidal cells
(somatic vs. distal dendritic), the feedforward inhibition from
BLA vs. anterior piriform inputs would be expected to have
profoundly different effects on the likelihood of spiking in the
principal cells of the posterior piriform.
Several studies have used optogenetics to understand amygdala
function and interactions in combination with a variety of other
techniques, an approach that will likely dominate much future
work as optogenetics affords significant advantages in our ability
to gain deeper knowledge regarding neural circuitry. For exam-
ple, experiments have focused on the well-known connections
between the BLA and the mPFC. The reciprocal connections
between these regions appear to be involved in a wide variety of
behavioral and higher cognitive functions. Yet, the mPFC receives
inputs from many other structures and the distinctions among
the connections formed by these inputs have not been clear.
Therefore, Little and Carter (2012) investigated how BLA, ventral
hippocampal, midline thalamus, and contralateral mPFC inputs
to the layer two pyramidal neurons of the mPFC make synaptic
connections. The authors used optogenetics to target specific
pathways by transducing the efferent structures with ChR2 and
providing illumination to their axonal terminals in the mPFC.
Moreover, they combined their optogenetic manipulations with
two-photon microscopy in order to determine the functional con-
nections on a subcellular level. The results from this study indicate
that the different regions do, in fact, make different subcellular
connections. The BLA appears to make synaptic connections
much closer to the soma, relative to other regions, especially the
thalamic inputs. Additionally, the BLA inputs target spines of
an “intermediate” size, along with ventral hippocampal inputs,
in contrast to the thalamic inputs to the large spines and the
contralateral mPFC inputs to the small spines. As both the size
of the spine and the distance from the soma govern the relative
strengths of the inputs, these findings shed light on how different
regions influence local circuit activity in other regions. In a
follow-up study, Little and Carter (2013) extended their findings,
again using optogenetics combined with two-photon microscopy.
In this case, their findings indicated that BLA inputs to the mPFC
were considerably stronger on mPFC neurons that innervated
the BLA, compared to mPFC neurons that provide inputs to the
contralateral mPFC. Together, these findings have contributed
to a deeper understanding for how the BLA and mPFC inter-
act and, critically, provide a foundation for understanding how
BLA inputs to the mPFC may regulate PFC activity and PFC-
dependent functions.
Work has examined other brain regions’ inputs to the amyg-
dala. In a recent study, Carter et al. (2013) found evidence of a
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circuit involving projections from the parabrachial nucleus in the
brainstem to the CEA that suppresses appetite. After genetically
identifying and targeting neurons in the parabrachial nucleus to
determine their ability to suppress appetite in mice, the authors
then transduced these cells with ChR2 and provided illumination
to downstream targets. Although stimulating parabrachial axon
terminals in the BNST had no effect on food intake, stimulation
between 20–40 Hz of the axon terminals in the lateral CEA
reduced food consumption. In contrast to many studies that have
used 20 Hz stimulation but consistent with our own work (e.g.,
Huff et al., 2013), Carter et al. found that 20 Hz stimulation did
not produce as strong a behavioral effect as found with the 30 and
40 Hz stimulation. By utilizing both the genetic targeting ability of
combining optogenetics with transgenic mice and by targeting the
axon terminals, these findings provide a significant step forward
in understanding how genetically distinct neuronal populations
connect with different regions in the brain and, in turn, regulate
appetite-related behavior.
Optogenetic studies have also targeted specific interneuron
populations in the BLA to understand local circuits. Chu et al.
(2012) examined how dopamine influences parvalbumin-positive
interneurons in the BLA and, thereby, influence principal cell
activity. This issue is of importance because previous work has
shown that dopamine influences BLA activity and modulates
memory consolidation (Bissiere et al., 2003; LaLumiere et al.,
2004, 2005). Prior work has found that D2 receptor activation in
the BLA suppresses feedforward inhibition, thereby providing a
gating mechanism for synaptic plasticity in the amygdala (Bissiere
et al., 2003), while other work has also found that dopamine
disinhibits the BLA via inhibition of intercalated cells in a D1
receptor-dependent manner (Marowsky et al., 2005). Using a
Cre line of transgenic mice, Chu et al. were able to target ChR2
expression to the parvalbumin-positive cells of the BLA, which are
believed to be the major class of interneurons in the structure. The
authors then demonstrated that dopamine selectively reduced
GABAergic transmission to principal cells, but not to other
interneurons, and that this occurred in a presynaptic D2 receptor-
dependent mechanism. These findings provide additional con-
firmation of the critical role of dopamine, and especially D2
receptors, in modulating BLA activity. Moreover, these findings
were demonstrated in a specific subclass of interneurons, an
important issue as other work has suggested that different stimuli
influence different subtypes of interneurons in the BLA (Bienvenu
et al., 2012).
CONCLUSIONS
As a heterogeneous collection of nuclei with a variety of influences
on neural functioning and behavior, the amygdala has been
the subject of countless neurobiological studies. Our ability to
investigate this structure and its role in the brain and behavior
has been significantly altered by the development of optogenetics.
The studies reviewed here and listed in Table 1 have provided an
understanding for the kinds of questions that this approach can
address with regard to the amygdala and, critically, have provided
roadmaps for continuing research into amygdala functioning. The
findings from these studies indicate that the local circuitry in
the amygdala regulates a number of emotion-related behaviors
and have produced a clearer picture for how this circuitry works.
Other work has begun providing glimpses into how the BLA
influences activity in efferent structures, even delineating the local
Table 1 | Description of reviewed publications using optogenetics in investigations of the amygdala.
Publication Area of investigation
Tye et al. (2011) Anxiety: Stimulation/inhibition of BLA inputs to the lateral CEA reduce/increase anxiety-related behavior in mice
Felix-Ortiz et al. (2013) Anxiety: Stimulation/inhibition of BLA inputs to the ventral hippocampus increase/decrease anxiety-related behavior in mice
Felix-Ortiz and Tye (2014) Social behavior: Stimulation/inhibition of BLA inputs to the ventral hippocampus reduce/increase social behaviors
Knobloch et al. (2012) Fear-related behavior: Hypothalamic oxytocin neurons projections to the lateral CEA in regard to their role in altering medial
CEA activity and freezing behavior
Johansen et al. (2010) Fear conditioning and memory: Pairing of optical stimulation of lateral amygdala neurons with tones produce fear
conditioning
Huff et al. (2013) Memory: Posttraining optical stimulation and inhibition of BLA glutamatergic neurons enhance/impair memory consolida-
tion for inhibitory avoidance
Jasnow et al. (2013) Fear conditioning and memory: Subpopulation of glutamatergic neurons in the BLA oppose fear conditioning and enhance
extinction of fear conditioning
Senn et al. (2014) Fear conditioning and memory: BLA projections to the IL and PL of the mPFC have opposing roles in the extinction of fear
conditioning
Stuber et al. (2011) Reward: BLA inputs to the NAcore reinforced operant behavior
Britt et al. (2012) Reward: BLA inputs to the NAshell reinforced operant behavior
Stefanik and Kalivas (2013) Addiction: Inhibition of BLA inputs to the NAcore or PL reduce cue-induced cocaine-seeking
Li et al. (2012) Circuitry: Activation of kappa opioid receptors inhibits GABAergic transmission from the CEA to the BNST
Luna and Morozov (2012) Circuitry: Microcircuitry of BLA inputs to posterior piriform cortex
Little and Carter (2012) Circuitry: Differences in BLA inputs to the mPFC, compared to inputs from other regions, in terms of subcellular
connections
Little and Carter (2013) Circuitry: Differences between BLA inputs to mPFC neurons that innervate the BLA and those that innervate the
contralateral mPFC
Carter et al. (2013) Circuitry: Stimulation of parabrachial nucleus projections to the CEA suppress appetite
Chu et al. (2012) Circuitry: Dopamine reduces GABAergic transmission from parvalbumin-positive interneurons to principal cells in the BLA
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microcircuits to determine the precise differences between BLA
inputs to the region compared to other inputs. Moreover, other
studies presented here have demonstrated that specific frequen-
cies of BLA activity differentially influence behavior and memory
consolidation. These findings will prove invaluable as neuro-
science builds a deeper understanding of the full connectivity of
the nervous system on a functional level. All of this work and the
findings from these experiments, however, would not have been
possible without the temporal, spatial, and/or genetic precision
afforded by optogenetics. As future studies utilizing optogenetic
approaches build upon these early findings, we should expect
considerable advancement in our understanding of amygdala
functioning in behavior and in interactions with other brain
systems.
ACKNOWLEDGMENTS
The author would like to acknowledge NIH support through
grants MH097111 (Ryan T. LaLumiere) and DA034684 (Ryan T.
LaLumiere).
REFERENCES
Adolphs, R., Gosselin, F., Buchanan, T. W., Tranel, D., Schyns, P., and Damasio, A. R.
(2005). A mechanism for impaired fear recognition after amygdala damage.
Nature 433, 68–72. doi: 10.1038/nature03086
Adolphs, R., Tranel, D., Damasio, H., and Damasio, A. (1994). Impaired recogni-
tion of emotion in facial expressions following bilateral damage to the human
amygdala. Nature 372, 669–672. doi: 10.1038/372669a0
Bannerman, D. M., Grubb, M., Deacon, R. M., Yee, B. K., Feldon, J., and Rawlins,
J. N. (2003). Ventral hippocampal lesions affect anxiety but not spatial learning.
Behav. Brain Res. 139, 197–213. doi: 10.1016/s0166-4328(02)00268-1
Bauer, E. P., Paz, R., and Pare, D. (2007). Gamma oscillations coordinate amygdalo-
rhinal interactions during learning. J. Neurosci. 27, 9369–9379. doi: 10.
1523/jneurosci.2153-07.2007
Bienvenu, T. C., Busti, D., Magill, P. J., Ferraguti, F., and Capogna, M. (2012).
Cell-type-specific recruitment of amygdala interneurons to hippocampal theta
rhythm and noxious stimuli in vivo. Neuron 74, 1059–1074. doi: 10.1016/j.
neuron.2012.04.022
Bissiere, S., Humeau, Y., and Luthi, A. (2003). Dopamine gates LTP induction in
lateral amygdala by suppressing feedforward inhibition. Nat. Neurosci. 6, 587–
592. doi: 10.1038/nn1058
Britt, J. P., Benaliouad, F., Mcdevitt, R. A., Stuber, G. D., Wise, R. A., and Bonci, A.
(2012). Synaptic and behavioral profile of multiple glutamatergic inputs to the
nucleus accumbens. Neuron 76, 790–803. doi: 10.1016/j.neuron.2012.09.040
Carter, M. E., Soden, M. E., Zweifel, L. S., and Palmiter, R. D. (2013). Genetic
identification of a neural circuit that suppresses appetite. Nature 503, 111–114.
doi: 10.1038/nature12596
Chu, H. Y., Ito, W., Li, J., and Morozov, A. (2012). Target-specific suppression
of GABA release from parvalbumin interneurons in the basolateral amygdala
by dopamine. J. Neurosci. 32, 14815–14820. doi: 10.1523/JNEUROSCI.2997-12.
2012
Ciocchi, S., Herry, C., Grenier, F., Wolff, S. B., Letzkus, J. J., Vlachos, I., et al. (2010).
Encoding of conditioned fear in central amygdala inhibitory circuits. Nature
468, 277–282. doi: 10.1038/nature09559
Di Ciano, P., and Everitt, B. J. (2004). Direct interactions between the basolateral
amygdala and nucleus accumbens core underlie cocaine-seeking behavior by
rats. J. Neurosci. 24, 7167–7173. doi: 10.1523/jneurosci.1581-04.2004
Everitt, B. J., Parkinson, J. A., Olmstead, M. C., Arroyo, M., Robledo, P., and
Robbins, T. W. (1999). Associative processes in addiction and reward. The role of
amygdala-ventral striatal subsystems. Ann. N Y Acad. Sci. 877, 412–438. doi: 10.
1111/j.1749-6632.1999.tb09280.x
Felix-Ortiz, A. C., Beyeler, A., Seo, C., Leppla, C. A., Wildes, C. P., and Tye, K. M.
(2013). BLA to vHPC inputs modulate anxiety-related behaviors. Neuron 79,
658–664. doi: 10.1016/j.neuron.2013.06.016
Felix-Ortiz, A. C., and Tye, K. M. (2014). Amygdala inputs to the ventral hippocam-
pus bidirectionally modulate social behavior. J. Neurosci. 34, 586–595. doi: 10.
1523/JNEUROSCI.4257-13.2014
Gold, P. E., Hankins, L., Edwards, R. M., Chester, J., and Mcgaugh, J. L. (1975).
Memory interference and facilitation with posttrial amygdala stimulation: effect
on memory varies with footshock level. Brain Res. 86, 509–513. doi: 10.
1016/0006-8993(75)90905-1
Gunaydin, L. A., Yizhar, O., Berndt, A., Sohal, V. S., Deisseroth, K., and Hegemann,
P. (2010). Ultrafast optogenetic control. Nat. Neurosci. 13, 387–392. doi: 10.
1038/nn.2495
Howland, J. G., Taepavarapruk, P., and Phillips, A. G. (2002). Glutamate receptor-
dependent modulation of dopamine efflux in the nucleus accumbens by
basolateral, but not central, nucleus of the amygdala in rats. J. Neurosci. 22,
1137–1145.
Huff, M. L., Miller, R. L., Deisseroth, K., Moorman, D. E., and Lalumiere, R. T.
(2013). Posttraining optogenetic manipulations of basolateral amygdala activity
modulate consolidation of inhibitory avoidance memory in rats. Proc. Natl.
Acad. Sci. U S A 110, 3597–3602. doi: 10.1073/pnas.1219593110
Jasnow, A. M., Davis, M., and Huhman, K. L. (2004). Involvement of central
amygdalar and bed nucleus of the stria terminalis corticotropin-releasing factor
in behavioral responses to social defeat. Behav. Neurosci. 118, 1052–1061.
doi: 10.1037/0735-7044.118.5.1052
Jasnow, A. M., Ehrlich, D. E., Choi, D. C., Dabrowska, J., Bowers, M. E.,
Mccullough, K. M., et al. (2013). Thy1-expressing neurons in the basolateral
amygdala may mediate fear inhibition. J. Neurosci. 33, 10396–10404. doi: 10.
1523/JNEUROSCI.5539-12.2013
Jennings, J. H., Sparta, D. R., Stamatakis, A. M., Ung, R. L., Pleil, K. E., Kash, T. L.,
et al. (2013). Distinct extended amygdala circuits for divergent motivational
states. Nature 496, 224–228. doi: 10.1038/nature12041
Johansen, J. P., Hamanaka, H., Monfils, M. H., Behnia, R., Deisseroth, K., Blair,
H. T., et al. (2010). Optical activation of lateral amygdala pyramidal cells
instructs associative fear learning. Proc. Natl. Acad. Sci. U S A 107, 12692–12697.
doi: 10.1073/pnas.1002418107
Kluver, H., and Bucy, P. C. (1937). “Psychic blindness” and other symptoms
following bilateral temporal lobectomy in rhesus monkeys. Am. J. Physiol. 119,
352–353.
Knobloch, H. S., Charlet, A., Hoffmann, L. C., Eliava, M., Khrulev, S., Cetin,
A. H., et al. (2012). Evoked axonal oxytocin release in the central amygdala
attenuates fear response. Neuron 73, 553–566. doi: 10.1016/j.neuron.2011.
11.030
LaLumiere, R. T. (2011). A new technique for controlling the brain: optogenetics
and its potential for use in research and the clinic. Brain Stimul. 4, 1–6. doi: 10.
1016/j.brs.2010.09.009
LaLumiere, R. T., and Kalivas, P. W. (2008). Glutamate release in the nucleus
accumbens core is necessary for heroin seeking. J. Neurosci. 28, 3170–3177.
doi: 10.1523/JNEUROSCI.5129-07.2008
LaLumiere, R. T., Nawar, E. M., and Mcgaugh, J. L. (2005). Modulation of memory
consolidation by the basolateral amygdala or nucleus accumbens shell requires
concurrent dopamine receptor activation in both brain regions. Learn. Mem. 12,
296–301. doi: 10.1101/lm.93205
LaLumiere, R. T., Nguyen, L. T., and Mcgaugh, J. L. (2004). Post-training intraba-
solateral amygdala infusions of dopamine modulate consolidation of inhibitory
avoidance memory: involvement of noradrenergic and cholinergic systems. Eur.
J. Neurosci. 20, 2804–2810. doi: 10.1111/j.1460-9568.2004.03744.x
Landgraf, R., and Neumann, I. D. (2004). Vasopressin and oxytocin release within
the brain: a dynamic concept of multiple and variable modes of neuropeptide
communication. Front. Neuroendocrinol. 25, 150–176. doi: 10.1016/j.yfrne.2004.
05.001
Li, C., Pleil, K. E., Stamatakis, A. M., Busan, S., Vong, L., Lowell, B. B., et al. (2012).
Presynaptic inhibition of gamma-aminobutyric acid release in the bed nucleus
of the stria terminalis by kappa opioid receptor signaling. Biol. Psychiatry 71,
725–732. doi: 10.1016/j.biopsych.2011.11.015
Little, J. P., and Carter, A. G. (2012). Subcellular synaptic connectivity of layer 2
pyramidal neurons in the medial prefrontal cortex. J. Neurosci. 32, 12808–12819.
doi: 10.1523/JNEUROSCI.1616-12.2012
Little, J. P., and Carter, A. G. (2013). Synaptic mechanisms underlying strong
reciprocal connectivity between the medial prefrontal cortex and basolateral
Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 107 | 6
LaLumiere Optogenetics and the amygdala
amygdala. J. Neurosci. 33, 15333–15342. doi: 10.1523/JNEUROSCI.2385-13.
2013
Luna, V. M., and Morozov, A. (2012). Input-specific excitation of olfactory cortex
microcircuits. Front. Neural Circuits 6:69. doi: 10.3389/fncir.2012.00069
Marowsky, A., Yanagawa, Y., Obata, K., and Vogt, K. E. (2005). A specialized sub-
class of interneurons mediates dopaminergic facilitation of amygdala function.
Neuron 48, 1025–1037. doi: 10.1016/j.neuron.2005.10.029
McFarland, K., Davidge, S. B., Lapish, C. C., and Kalivas, P. W. (2004). Limbic
and motor circuitry underlying footshock-induced reinstatement of cocaine-
seeking behavior. J. Neurosci. 24, 1551–1560. doi: 10.1523/jneurosci.4177-03.
2004
McFarland, K., and Kalivas, P. W. (2001). The circuitry mediating cocaine-induced
reinstatement of drug-seeking behavior. J. Neurosci. 21, 8655–8663.
Paré, D., Quirk, G. J., and Ledoux, J. E. (2004). New vistas on amygdala networks
in conditioned fear. J. Neurophysiol. 92, 1–9. doi: 10.1152/jn.00153.2004
Peters, J., Kalivas, P. W., and Quirk, G. J. (2009). Extinction circuits for fear
and addiction overlap in prefrontal cortex. Learn. Mem. 16, 279–288. doi: 10.
1101/lm.1041309
Pitkänen, A., Pikkarainen, M., Nurminen, N., and Ylinen, A. (2000). Reciprocal
connections between the amygdala and the hippocampal formation, perirhinal
cortex and postrhinal cortex in rat. A review. Ann. N Y Acad. Sci. 911, 369–391.
doi: 10.1111/j.1749-6632.2000.tb06738.x
Pitkänen, A., Stefanacci, L., Farb, C. R., Go, G. G., Ledoux, J. E., and Amaral,
D. G. (1995). Intrinsic connections of the rat amygdaloid complex: projections
originating in the lateral nucleus. J. Comp. Neurol. 356, 288–310. doi: 10.
1002/cne.903560211
Popescu, A. T., Popa, D., and Pare, D. (2009). Coherent gamma oscillations couple
the amygdala and striatum during learning. Nat. Neurosci. 12, 801–807. doi: 10.
1038/nn.2305
See, R. E., Fuchs, R. A., Ledford, C. C., and Mclaughlin, J. (2003). Drug addiction,
relapse, and the amygdala. Ann. N Y Acad. Sci. 985, 294–307. doi: 10.1111/j.
1749-6632.2003.tb07089.x
Senn, V., Wolff, S. B., Herry, C., Grenier, F., Ehrlich, I., Grundemann, J., et al.
(2014). Long-range connectivity defines behavioral specificity of amygdala
neurons. Neuron 81, 428–437. doi: 10.1016/j.neuron.2013.11.006
Stefanik, M. T., and Kalivas, P. W. (2013). Optogenetic dissection of basolateral
amygdala projections during cue-induced reinstatement of cocaine seeking.
Front. Behav. Neurosci. 7:213. doi: 10.3389/fnbeh.2013.00213
Stuber, G. D., Sparta, D. R., Stamatakis, A. M., Van Leeuwen, W. A., Hardjoprajitno,
J. E., Cho, S., et al. (2011). Excitatory transmission from the amygdala to
nucleus accumbens facilitates reward seeking. Nature 475, 377–380. doi: 10.
1038/nature10194
Sugino, K., Hempel, C. M., Miller, M. N., Hattox, A. M., Shapiro, P., Wu, C.,
et al. (2006). Molecular taxonomy of major neuronal classes in the adult mouse
forebrain. Nat. Neurosci. 9, 99–107. doi: 10.1038/nn1618
Tye, K. M., Prakash, R., Kim, S. Y., Fenno, L. E., Grosenick, L., Zarabi, H., et al.
(2011). Amygdala circuitry mediating reversible and bidirectional control of
anxiety. Nature 471, 358–362. doi: 10.1038/nature09820
Viviani, D., Charlet, A., van den Burg, E., Robinet, C., Hurni, N., Abatis, M., et al.
(2011). Oxytocin selectively gates fear responses through distinct outputs from
the central amygdala. Science 333, 104–107. doi: 10.1126/science.1201043
Walker, D. L., and Davis, M. (2008). Role of the extended amygdala in short-
duration versus sustained fear: a tribute to Dr. Lennart Heimer. Brain Struct.
Funct. 213, 29–42. doi: 10.1007/s00429-008-0183-3
Weiskrantz, L. (1956). Behavioral changes associated with ablation of the amyg-
daloid complex in monkeys. J. Comp. Physiol. Psychol. 49, 381–391. doi: 10.
1037/h0088009
Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M., and Deisseroth, K. (2011).
Optogenetics in neural systems. Neuron 71, 9–34. doi: 10.1016/j.neuron.2011.
06.004
Conflict of Interest Statement: The author declares that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 03 February 2014; accepted: 13 March 2014; published online: 26 March
2014.
Citation: LaLumiere RT (2014) Optogenetic dissection of amygdala functioning. Front.
Behav. Neurosci. 8:107. doi: 10.3389/fnbeh.2014.00107
This article was submitted to the journal Frontiers in Behavioral Neuroscience.
Copyright © 2014 LaLumiere. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.
Frontiers in Behavioral Neuroscience www.frontiersin.org March 2014 | Volume 8 | Article 107 | 7
